OBJECTIVE-To evaluate the performance of a Verbal Autopsy (VA) expert algorithm (the InterVA model) for diagnosing AIDS mortality against a reference standard from hospital records that include HIV serostatus information in Addis Ababa, Ethiopia.
Introduction
Mortality statistics are an important resource for evaluating the effectiveness of antiretroviral therapy (ART) programmes (Diaz et al., 2005) . In developing countries, and in Africa in particular, establishing the distribution of causes of death is often difficult due to incomplete vital registration and lack of medical certification (Mathers et al., 2005 , Setel et al., 2007 . Postmortem interviews with next of kin or other caregivers, also known as Verbal Autopsy (VA) interviews, are an alternative methodology for estimating the distribution of causes of death in a population (Chandramohan et al., 1994 , Soleman et al., 2006 . So far, the interpretation of VAs largely relied on physician reviews and it has an acceptable sensitivity and specificity for causes of death such as HIV/AIDS (Kahn et al., 2000 , Quigley et al., 1999 , Setel et al., 2006a . However, physician review has been criticized because the cause of death assignment is influenced by the local medical culture and may therefore not be suitable for comparisons across populations. In addition, the reliability of physician review is thought to be weak, time consuming, and not cost-effective (Murray et al., 2007 , Soleman et al., 2006 . Expert and data derived algorithms permit automation and standardization of the coding process and are cheaper than physician review but require validation (Quigley et al., 1999 , Quigley et al., 2000 , Reeves and Quigley, 1997 ).
The InterVA model is an expert opinion-based algorithm that has been applied in Ethiopia and Vietnam, but it has never been validated in a sample with a reliable reference or gold standard , Byass et al., 2003 , Fantahun et al., 2006 . For constructing a reference standard, VA validation studies typically rely on a sample of deaths that occurred at a health facility. These populations may be uncharacteristic in their cause of death distribution, but also in terms of the knowledge of caretakers concerning the illness and cause of death, and that may lead to the misspecification of the sensitivity and specificity of the VA tool (Lopman et al., 2006) . In this study, we construct a reference standard for individuals who have ever visited a hospital during the course of their illness but did not necessarily die in a medical facility. In a different study, we established that 25% of patients in Addis Ababa died in a medical facility, but 87% had ever visited a medical facility prior to death (Reniers and Tesfai, 2009) . Without arguing that our validation sample is necessarily representative, it is an improvement over a sample of exclusively hospital deaths. In addition, we use patients' serostatus information for constructing the reference standard. Such a reference standard will more accurately distinguish AIDS from non-AIDS deaths than more commonly used reference standards in VA validation studies such as the retrospective review of medical records (Chandramohan et al., 1998 , Kahn et al., 2000 , Setel et al., 2006a , Setel et al., 2006b or the physician review ascertained cause of death (Byass et al., 2003 , Fantahun et al., 2006 , Quigley et al., 1996 , Quigley et al., 1999 , Quigley et al., 2000 .
Data and methods
The study is conducted in Addis Ababa, Ethiopia. The first diagnoses of AIDS in Ethiopia date back to 1986 (Lester et al., 1988) . By 2005, HIV prevalence in the age group 15-49 had grown to 7.1% according to the Ministry of Health, an estimate that lies between those of the 2005 Demographic and Health Survey (5.0%) (CSA and ORC Macro, 2006) , and earlier extrapolations from antenatal clinic data (11.7%) (MOH and NHAPCO, 2006) . The impact of HIV on mortality is substantial: estimates for 2001 attribute between 54.7% and 62.4% of adult deaths (ages 20-64, both sexes) to AIDS (Reniers et al., 2006) . Data for this study come from hospital surveillance and a set of verbal autopsy interviews (Figure 1 ). The reference standard is constructed from data collected during a nine-month prospective surveillance in the Zewditu Memorial Hospital, a large governmental hospital in the center of Addis Ababa. The surveillance started in May 2003 and covered the TB-HIV clinic (serves outpatients), and the medical emergency, internal medicine, gynecology, surgical, and pediatric wards. A ward nurse collected basic background characteristics, admission and discharge diagnosis for each patient.
A Determine rapid HIV1-2 test was carried out on the blood sample and post-test counseling was conducted by a VCT nurse. Free and informed consent was obtained either from the patient or their guardians. Capillus™ HIV-1/HIV-2 confirmatory tests were performed on positive samples. In the event that the results from the two tests were discrepant a UniGold™ HIV test was done as a tie breaker. All tests were offered free of charge. An HIV test was administered for 1,332 of 1,650 registered patients. Non-response on the HIV test is due to both refusals and discharge prior to administering the test. The surveillance protocol and a discussion of the impact of non-response on HIV-1 status is given elsewhere (Reniers et al., 2009a) . We also retrieved the patient card information for 38% of the decedents (the others were not found). A brief history of the decedent, physical examination, lab investigation, final diagnosis, course of treatment, condition of discharge and immediate cause of death were summarized from the patient card. Patient card information, if available, was used in conjunction with the admission diagnosis and the HIV serostatus to determine the cause of death in the reference standard.
The verbal autopsy interviews were administered for patients who died in the hospital under surveillance (N=28), and for those who died elsewhere, but whose hospital record matched with a record from an ongoing burial surveillance (N=190) (see also Figure 1 ). The burial surveillance was initiated in February 2001 at all known cemeteries in Addis Ababa and has been described elsewhere (Reniers et al., 2009b , Sanders et al., 2003 . Verbal autopsy interviews were conducted between two and nine months (mean = 4.7) after the death by a pair of community health workers. The VA interviewers received one-week training in the administration of VAs, including fieldwork practice. The VAs are being conducted for monitoring all causes of death, so there is no specific focus on HIV/AIDS in the questionnaires, during the training or data collection The VA response rate was 88.5%. In the interview debriefing section of the VA questionnaire, the interviewers reported on the cooperativeness of the respondent and the perceived truthfulness of his or her answers. In three cases the cooperation and perceived truthfulness were low, and these cases are included in the analysis that follows.
The verbal autopsy questionnaire is based on the standard VA questionnaire developed by the INDEPTH Network (http://www.indepth-network.org/), and includes a section wherein respondents give a brief account of the illness, and a section with closed-ended questions wherein respondents are prompted for the presence of particular symptoms. Important symptoms that were not included in the structured part of the questionnaire (i.e., oral candidiasis, drowsiness, excessive food or water intake, and any prior diagnosis of a stroke) are included in the analysis if they were reported in the open-ended narrative part of the questionnaire. Bilingual Amharic-English questionnaires were developed, but the interviews were almost exclusively conducted in Amharic, the lingua franca in Ethiopia.
Reference standard
The reference standard is constructed using information from the admission diagnosis (or discharge diagnosis if available) and HIV status (Table 1 ). All cases with a negative HIV test result are classified as non-AIDS deaths. Among those with a positive HIV test result, deaths are classified as AIDS related if the admission diagnosis is indicative of an opportunistic infection. Two cases of HIV positive patients are coded as undetermined because the admission diagnosis did not refer to an opportunistic infection (i.e., diabetes mellitus, fever of unknown origin).
The HIV status is unknown for 36 individuals. For most of these we could not establish whether the cause of death was AIDS related or not (N=22). Cases with an undetermined or missing cause of death in the reference standard are excluded from further analysis. Patients without HIV serostatus record, but with very specific AIDS related admission or patient card information (e.g., toxoplasmosis, AIDS) are classified as AIDS deaths (N=9). Five patients who were admitted for reasons other than HIV/AIDS and died within seven days of admission were classified as non-AIDS deaths.
Because TB and AIDS often occur in the same subjects, share many symptoms and are difficult to distinguish (Quigley et al., 1999) , we also developed a reference standard whereby TB/AIDS cases are contrasted against non-TB/AIDS cases. The only difference with the AIDS reference standard is the reclassification of 21 TB cases (ICD10 of A15-A19) in those with an unknown or negative HIV status.
InterVA model outputs and validation
The InterVA model is a Bayesian probability theory-based expert algorithm. Bayes' theorem defines the conditional probability of a cause in the presence of a particular indicator (Byass et al., 2003 , Fantahun et al., 2006 . The first version of the InterVA model was designed for the identification of 25 causes of death based on 66 indicators. In building the model, prior probabilities were assigned by expert panels using a semiqualitative scale for each indicator and cause of death. The likelihood of each cause of death is calculated by applying the aforementioned theorem, taking into account each pertinent indicator. Up to three causes of death, with associated likelihoods are reported for each case. The likelihood of any cause reported by the model has to exceed the square root of the prior probability for that cause, and any second or third likely cause has to reach a likelihood of at least 50% of the most likely cause (Byass et al., 2003) . For this study we used InterVA-3, which distinguishes between 35 causes of death based on 104 indicators. The model requires a local setting for the prevalence of malaria and HIV in the population . In the case of Addis Ababa, we specified low malaria (the city is located at high altitude) and high HIV prevalence conditions. We define an AIDS (or TB/AIDS) death as a case where any of the InterVA assigned causes is indicative of AIDS (or TB/AIDS) and compare these with the reference standard by means of standard diagnostic statistics (sensitivity, specificity and positive predictive value (PPV)). We use receiver operating characteristic (ROC) curves to determine the likelihood cut-off point that maximizes the diagnostic accuracy of the InterVA model. Using those optimal cut-off points, we compare cause-specific mortality fractions by age from the model and reference standard.
Results
One hundred ninety three VA's were conducted for adults (aged range 14-85) with a matched hospital record. The male to female ratio of deaths in the sample is 0.95, and 90.7% of the cases pertain to adults in the 20-64 age range. Close to 82% of the decedents were tested for HIV with an HIV prevalence of 63.5%. Because of missing HIV serostatus information in the reference standard, only 167 out of 193 cases could be classified as either AIDS or non-AIDS (Table 1) . The TB/AIDS reference standard is defined for 174 cases. In the reference standard, the AIDS-specific mortality fraction is 64.7% (108 out of 167 cases, 95%-CI: 57%-72%), and the TB/AIDS mortality fraction is 74.1% (129 out of 174 cases, 95%-CI: 68%-81%).
In our sample, the InterVA model provided up to two underlying causes of death, each with an assigned likelihood ( Table 2) . Based on the most likely cause of death, the most prominent underlying cause of death is HIV/AIDS (54.9%) followed by liver disease (15.0%) and pulmonary tuberculosis (14.5%). Close to 14% of the cases had a second cause of death assigned. The majority of those are classified as HIV/AIDS (44.4%), followed by tuberculosis (22.0%). No cases were attributed three causes of death. For making comparisons with the reference standard, we dichotomize the model outputs into AIDS versus non-AIDS and TB/AIDS versus non-TB/AIDS, and, in doing so, we consider the first as well as second cause of death.
The InterVA model also provides an estimate of the likelihood with which causes of death are assigned. The likelihood of the first cause of death ranges from 24% to 100% with an average of 82.1%. The mean likelihood of the second cause of death is 40.4% varying from 24% to 50%. The likelihoods with which AIDS and TB/AIDS cases can be established are generally higher (Table 2) . In Figure 2 , we use those likelihoods as cut-off points (first and second most likely causes combined) to identify the likelihood level at which the area under the ROC curve is maximized. The highest likelihood cut-off point produces the lowest sensitivity and vice versa. In addition, a reduction in the likelihood cut-off point results in large gains in sensitivity relatively small losses in specificity. In case of the AIDS reference standard a maximum is reached at a likelihood cut-off point of 50%. The corresponding sensitivity and specificity are 0.81 (95%-CI: 0.73-0.88) and 0.80 (95%-CI: 0.67-0.89), respectively. For the TB/AIDS reference standard, a maximum is reached at the lowest observed likelihood cut-off point (40%). The sensitivity and specificity under that condition are 0.91 (95%-CI: 0.86-0.97) and 0.78 (95%-CI: 0.63-0.89), respectively. The optimal area under the ROC curve is 85% (95%-CI: 78%-91%) for the TB/AIDS reference standard compared to 81% (95%-CI: 74%-87%) for the AIDS standard confirming that the model performs better against a reference standard whereby TB and AIDS are combined. These differences are, however, not statistically significant. The individual-level agreement of the reference standards and model outputs are confirmed by Kappa statistics: these are 0.58 (95%-CI: 0.50-0.65) and 0.69 (95%-CI: 0.61-0.76) for the AIDS and TB/AIDS reference standards respectively.
At the lowest likelihood cut-off point (i.e., any diagnosis of AIDS or TB/AIDS irrespective of the likelihood), and accounting for both the first and second assigned cause of death, the AIDS specific mortality fraction estimated by the InterVA model is 61.7% (103 out of 167 cases, 95%-CI: 54%-69%). This is very close to the 64.7% (108 out of 167 cases, 95%-CI: 57%-72%) in the reference standard. The TB/AIDS mortality fraction estimated by the model is even closer to the observed value: 73.6% (128 out of 174 cases, 95%-CI: 67%-80%) compared to the 74.1% (129 out of 174 cases, 95%-CI: 68%-81%) in the reference standard. Figure 3 further illustrates that the InterVA model reproduces the age pattern of AIDS and TB/AIDS mortality fairly well. Again, that is particularly the case for TB/AIDS mortality. The InterVA estimates of the AIDS mortality fraction, on the other hand, tend to be lower than in the reference standard in mid to late adulthood.
Discussion
The InterVA model is an easy to use and cheap alternative to the review of VA questionnaires by physicians for assigning causes of death. In this study, we confirm that it is fairly accurate in identifying AIDS and TB/AIDS mortality in individual cases, and also in determining cause-specific mortality fractions (by age). At the optimal likelihood cut-off point, the sensitivity and specificity of the model for identifying AIDS mortality are 0.81 and 0.80 respectively. The model appears to perform better when TB and AIDS mortality are grouped: the sensitivity and specificity under these circumstances are 0.92 and 0.78, respectively. Similarly, the estimated cause-specific mortality fraction of TB/AIDS (73.6%) is closer to the value in the reference standard (74.1%), than is the case for AIDS only (model estimate of 61.7% versus a value of 64.7% in the reference standard). Compared to other studies (Chandramohan et al., 1998 , Lopman et al., 2006 , Quigley et al., 2000 the sensitivity of the InterVA model for identifying AIDS or TB/AIDS mortality tends to be high while the specificity is relatively lower. However, should a higher level specificity level be desirable for any particular application, it is simply a matter of increasing the likelihood cut-off point.
In conclusion, this validation exercise confirms that the InterVA model is a useful tool for monitoring TB/AIDS mortality in resource constrained settings with routine VA collection, and could be valuable for assessing the impact of antiretroviral therapy programs. This study thus confirms the promise shown in earlier applications of the model , Byass et al., 2003 , Fantahun et al., 2006 . Because of the relatively small validation sample, our appraisal is restricted to adult deaths and the most important cause of death in adults, namely TB/AIDS mortality. Unlike previous studies, we were in a position to construct a more reliable reference standard because we also had the decedent's serostatus information. Study protocol flow chart Receiver operator characteristics curves for the AIDS and TB/AIDS references standards: sensitivity plotted against specificity at different likelihood cut-off points Note: points with the highest likelihood cut-off point have the lowest sensitivity and highest specificity, and vice versa AIDS and TB/AIDS specific mortality fractions by age
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